Although cardiac hypertrophy has been the subject of intensive investigation, regression of hypertrophy has been significantly less studied, precluding large-scale analysis of the relationship between these processes. In the present study, using pharmacological models of cardiac hypertrophy in mice, expression profiling was performed with fragments of more than 4,000 genes to characterize and contrast expression changes during induction and regression of hypertrophy. Administration of angiotensin II and isoproterenol by osmotic minipump produced increases in heart weight (15 and 45%, respectively) that returned to preinduction size after drug withdrawal. From multiple expression analyses of left ventricular RNA isolated at daily time-points during cardiac hypertrophy and regression, we identified sets of genes whose expression was altered at specific stages of this process. While confirming the participation of 25 genes or pathways previously shown to be altered by hypertrophy, a larger set of 30 genes was identified whose expression had not previously been associated with cardiac hypertrophy or regression. Of the 55 genes that showed reproducible changes during the time course of induction and regression, 32 genes were altered only during induction, and 8 were altered only during regression. This study identified both known and novel genes whose expression is affected at different stages of cardiac hypertrophy and regression and demonstrates that cardiac remodeling during regression utilizes a set of genes that are distinct from those used during induction of hypertrophy.
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T he heart increases its muscle mass in response to increased wall stress resulting from physiologic or pathologic states. The most characteristic cellular feature of this process is the enlargement of existing myocytes caused by the accumulation of sarcomeric proteins and reorganization of myofibrillar structures. Although this response is initially compensatory, it may progress to a pathologic state. As a result, cardiac hypertrophy is a predictor of cardiac morbidity and mortality, independent of hypertension or other risk factors (1, 2) .
Analysis of gene expression during the induction of cardiac hypertrophy has revealed a specific transcriptional pattern associated with this process. Early mediators of the hypertrophic transcriptional program include the immediate-early genes (e.g., c-fos, c-myc, c-jun, and Egr1), followed by a cascade of mitogen-activated protein kinases (3) (4) (5) (6) (7) . These changes contribute to substantial alterations in the expression and organization of sarcomeric and structural proteins (3, 8) .
In contrast to the numerous studies examining the response to induction of hypertrophy, surprisingly few studies have examined genes whose expression is specifically altered during recovery from cardiac hypertrophy. The few studies that have examined gene expression changes during regression have largely focused on a small number of reporter genes such as myosin heavy chain (9, 10) and have not sought to identify new genes expressed specifically during this process. Because of the paucity of information concerning genes with altered expression during regression of hypertrophy, it has not been determined the extent to which cardiac remodeling during regression involves a simple reversal of the induction program, or activation of a separate transcriptional program. Knowledge of genes whose expression is altered specifically during regression might suggest novel strategies to limit hypertrophy and its progression to heart failure.
Large-scale efforts to identify the complete set of genes expressed by a variety of organisms, including humans and mice, have recently been coupled with the development of hardware for assessing the expression of many genes in parallel. Although genome-wide expression profiling has largely been applied to the analysis of unicellular organisms, tissue culture systems, and tumors (11) (12) (13) (14) (15) (16) , its application to tissues of whole animals offers an approach for examining gene expression in response to complex physiologic processes in vivo.
In the present study, we applied microarray expression profiling to identify genes altered during induction and regression of cardiac hypertrophy. To minimize the inherent variability of gene expression in vivo, an inbred mouse line was used. Pharmacologic inducers of hypertrophy were chosen so that induction and regression of hypertrophy could be precisely controlled, and two drugs were used to minimize drug-specific effects. Genes, both known and novel, were identified in these studies whose expression was altered specifically during induction and͞or regression of hypertrophy. histologic analysis. Animals were killed by cervical dislocation, and hearts were removed and fixed for 48 h in 4% paraformaldehyde before embedding in paraffin. Ten-micrometer sections were cut in the coronal plane, were rehydrated, and were double-stained with FITC-conjugated wheat germ agglutinin and 4Ј,6-diamidino-2-phenylindole (Molecular Probes). Myocyte size was quantified from photomicrographs of the left ventricular free wall by using IMAGEPRO software (http://www.mediacy.com). Other sections were stained with sirius red for analysis of collagen content.
Microarray Preparation. Microarrays were prepared, hybridized, and scanned by using the protocols of http:͞͞cmgm.stanford.edu͞ pbrown (13, 19) . The library used contained over 3,000 IMAGE consortium clones from Research Genetics, plus an additional 900 transcription factors, for a total of approximately 4,000 probes (46) . A complete clone list is available at http:͞͞rubin.lbl.gov. The PCR amplified cDNA inserts were spotted on poly-L-lysine-coated microscope slides by capillary action using stainless steel pins. All clones named in the text or figures were sequence-verified.
RNA Extraction, Hybridization, and Quantification. Total RNA was extracted from tissue by using the TRIzol reagent (GIBCO͞BRL) or the RNeasy Midi Kit (Qiagen, Chatsworth, CA). For each time point, RNA was pooled from two drug or four vehicle-treated mice and 40 g of total RNA labeled by reverse transcription using Superscript II (GIBCO͞BRL), oligo(dT) primer, and Cy5-dUTP or Cy3-dUTP (Amersham) for experimental and control samples, respectively. Experimental and control cDNAs were hybridized to microarrays at 65°C overnight and were imaged by using a duallaser scanner. Expression ratios were calculated by using the SCANALYZE software package (20) . Ratios had a mean close to 1 and a SD of 0.4 for each array, which is comparable to the variation seen in other array studies (15, 19) . Preliminary experiments were performed comparing hybridizations in which the same RNA sample was labeled with both dyes with hybridizations in which different control RNA samples were compared. These experiments suggest that one-third of the variation seen during experimental comparisons is attributable to variation intrinsic to the arrays and two-thirds is attributable to biologic variation between animals.
To allow comparisons between arrays, expression ratios were expressed as the number of SD from the mean. To correct for any gene-, sequence-, or intensity-specific artifacts, a set of six arrays comparing untreated hearts was used to calibrate each gene as described (19) . The median expression ratio for each gene over the six control arrays was subtracted from each subsequent hypertrophy array.
Time Course of Gene Expression. A set of approximately 4,000 cDNA clones was analyzed over a time course of cardiac hypertrophy induction. Array hybridizations were performed at daily intervals during the 7-day induction and regression of hypertrophy by ISO, and the 14-day induction and regression by AII. The use of a time course maximized our ability to compare two different drug models of hypertrophy that operated over different time frames and allowed us to identify genes altered in both models without having to predict the specific day of action. Adjacent time points also served as de facto replicates.
Data Extraction. Those spots that were in the top 50% of total intensity for each array were analyzed. Empirically, these clones represent the subset of clones with detectable expression in heart tissue. To ensure sufficient data for individual analysis of each gene, only those genes with data in the top 50% of intensity for more than half of the time points were analyzed. This yielded a set of 1,310 genes for the 53 hypertrophy arrays.
Confirmation of Expression Level.
To validate expression ratios obtained by microarray, expression levels for atrial natriuretic factor were measured by quantitative reverse transcription (RT)-PCR using the 7700 Sequence Detector (PE Biosystems) and were compared with microarray results at several time points. Additional candidates were selected for post hoc confirmation at time points that led to their identification by microarray. 
Results
Induction and Regression of Cardiac Hypertrophy. Isoproterenol (ISO) treatment induced an increase in heart weight of more than 45% (Fig. 1A ) whereas angiotensin II (AII) treatment induced a 20% increase (Fig. 1B) . During regression, heart weight returned to normal for both drugs, consistent with previous observations (21) . Body weights for ISO-and AII-treated mice were not significantly different from vehicle-treated mice throughout induction and regression.
It was expected that cardiac hypertrophy would be accompanied by an increase in cardiac myocyte size. To confirm myocyte hypertrophy in our models, we examined sections of the left ventricular free wall after 14 days of AII or 7 days of ISO treatment. Care was taken to examine sections that contained predominantly myocytes with central nuclei, located at midventricular level. Measurement of myocyte cross-sectional area (Fig. 1C) showed that ISO increased myocyte size by 35% and AII by 13%. Collagen staining did not show hypertrophy-associated fibrosis in either model (data not shown).
As a further validation of our models and as a validation of expression ratios determined by microarray, expression levels for atrial natriuretic factor, a robust marker of cardiac hypertrophy (22, 23) , were measured by quantitative RT-PCR and were correlated with ratios determined by microarray (Fig. 2) . As expected, atrial natriuretic factor expression ratios showed comparable increases during induction of hypertrophy, and decreases during regression of hypertrophy, when measured by RT-PCR and microarray. This demonstrates the ability of our microarray to detect modest changes in expression.
Detection of Hypertrophy-Specific Changes. Because expression profiling has not previously been reported for whole cardiac tissue, the magnitude of normal variation in gene expression in the hearts of inbred FVB mice was determined. This was essential for assessing the threshold and reproducibility of ''real'' changes in expression during induction and regression of hypertrophy. When left ventricular RNA from pairs of saline-treated mice was hybridized to the microarray, detectable expression was demonstrated for approximately 50% of clones (1, 860) . Expression ratios (expressed as log 2 values) were normally distributed and centered around a ratio of 1 (log 2 ratio ϭ 0) (Fig. 3A) . As expected from the normal distribution, 5% of expressed genes had ratios lying more than 2 standard deviations (SD) from the mean for any given array. If the genes lying beyond 2 SD in this comparison represent normal stochastic variation in expression, the identity of clones present in the tails of the frequency distribution should vary randomly. To test this, 10 independent control RNA samples were hybridized to five arrays. Of the 1,860 expressed genes, 249 showed ratios more than 2 SD from the mean on one array, 15 showed consistent changes on two of the five arrays, and no gene showed a ratio more than 2 SD from the mean on more than two arrays (Fig. 3B) . These values were not different from the numbers predicted by random variation. These results suggest that the expression ratio in untreated inbred mice follows a random distribution around 1, and that any systematic bias is small.
To determine the threshold for changes in gene expression that are attributable to hypertrophic stimuli, the distribution of expression ratios was determined for five ISO-vs. vehicle-treated ventricles (Fig. 3) . As before, expression ratios were normally distributed with 5% of genes having ratios more than 2 SD from the mean. If, unlike the control arrays, some of the genes in ISO-treated animals exhibit real changes, these genes should be found reproducibly in the tails of the frequency distribution. When five arrays pairing RNA from ISO and saline-treated mice were examined, 270 clones were changed by more than 2 SD on one or more arrays, 59 on two or more arrays, 21 on three or more, 6 on four or more, and 3 on all five arrays (P Ͻ 0.001). Similar results were found for AII arrays (Fig. 3B ). This suggests that reproducible hypertrophy-specific changes in gene expression can be identified through expression The distribution of expression ratios for saline-and isoproterenol-treated mice is shown. A shows the mean number of genes, expressed as a percentage of the total number of expressed genes, with a given expression ratio (n ϭ 5). Expression ratios are expressed as the number of standard deviations from the mean. B shows the number of genes that exhibited expression changes greater than 2 SD for zero, one, two, three, four, and five of 5 arrays tested, for vehicle vs. vehicle, ISO vs. vehicle, and AII vs. vehicle.
profiling. These results provided a basis for identifying real changes during the time course of hypertrophy induction and regression.
Genes with Altered Expression During Induction of Hypertrophy. Two approaches were used to identify genes affected during hypertrophy. The first approach maximized the detection of genes with brief expression changes. Those clones showing expression changes greater than 2 SD from the mean (Ϸ1.8-fold) were identified on each array. To separate true responses from experimental noise, a clone was required to demonstrate a change in expression ratio of more than 2 SD for two or more arrays during hypertrophy induction by ISO and two or more arrays during AII induction (P Ͻ 0.001). This algorithm provided a stringent filter against statistical noise because fewer than two genes would be expected to satisfy these criteria by chance. In addition, the requirement that clones show similar expression changes for both ISO and AII enriches for hypertrophy-specific effects at the expense of drug-specific effects.
The second approach maximized the detection of genes that 
Genes that respond to angiotensin II and isoproterenol
Arrows indicate the direction of expression change for induction (I) and regression (R). Probable function and GenBank accession numbers are listed for each gene. Genes were identified based on tests for changes of two standard deviations on two arrays (2), based on mean levels of expression (M) or both (B). Where available, references are given linking the gene to cardiac hypertrophy. Genes indicated by "ϩ" were confirmed by quantitative RT-PCR.
show smaller, but more prolonged changes. Such genes may not be detected by the previous analysis, yet still contribute greatly to the phenotype. The average expression ratio for each gene over the induction time points was calculated after combining the data for ISO and AII. The average expression ratio over the regression time points was then subtracted. The mean difference was 0 and the standard deviation for this difference was calculated, assuming a normal distribution. Those genes with expression changes that differed from 0 by more than 3 SD (P Ͻ 0.01) were identified. If more than 90% of the change in mean expression ratio for a particular clone occurred during one phase of the experiment, that clone was designated as induction or regression-specific. The remaining genes were considered to be biphasic.
Thirty-two genes show changes in expression during only the induction phase of the time course (Table 1 ) and were evenly divided between those showing increases and those showing decreases in expression. These genes participate in a variety of cellular processes. For example, seven genes encode secreted factors, including three genes, atrial natriuretic factor, BNP, and PAI-2, previously implicated in hypertrophy. Similarly, four genes encode proteins participating in signaling pathways, and three genes, ECE-2, COMT, and PKC-bp, participate in pathways known to be important in hypertrophy. Two structural genes were identified, including a clone for ␣-smooth muscle actin. This clone is highly similar to ␣-skeletal muscle actin, a gene known to be up-regulated during hypertrophy (41) , as well as ␣-cardiac actin. Our microarray may not distinguish these isoforms, so we cannot say with certainly which actin isoform is actually changing. This is a fundamental problem of any sequence-based approach, and it should be considered when selecting genes for follow-up analysis.
As expected, several genes participating in energy metabolism were identified. The one transcription factor identified, hepatocarcinoma-related transcription factor, had not been shown previously to be expressed in the heart. Finally, nine genes show no sequence similarity to any known gene. One-third of the 23 named genes altered during induction had not been linked previously to the hypertrophic process.
Changes in Gene Expression During Regression of Hypertrophy.
Given that few studies have investigated the regulation of gene expression during the regression of cardiac hypertrophy, gene expression was analyzed during regression in the same manner as had been done during induction of hypertrophy. Expression levels for eight genes were specifically altered during regression of hypertrophy. Four showed increased expression, and four showed decreased expression. A surprisingly large percentage of the clones identified during regression represent novel genes (six of eight). This may reflect the limited extent to which this process has been explored.
Genes Altered During Both Induction and Regression. An additional 15 genes showed significant, reciprocal changes in expression during induction and regression such that the change could not be attributed more to one phase than the other. As noted for the genes above, these genes are spread over several functional classes. Eight of the fifteen were identified in previous studies of hypertrophy (Table 1) whereas three show no similarity to known genes. Included in this group are IGF-II, an orphan tyrosine kinase receptor MRK that is implicated in cardiac development, two kinases (JAK3 and MEK kinase), and a negative regulator of basis helix-loop-helix transcription factors (Id1) that has been implicated in cardiac myocyte apoptosis (42) .
Post Hoc Confirmation of Expression Changes. We chose eight genes from the induction, regression, and biphasic groups for confirmation by RT-PCR (Fig. 4) . Four of the genes were up-regulated and four were down-regulated. Expression changes tended to be smaller when measured by this independent technique, but, in each case, the changes were in the same direction by array and RT-PCR and each expression change achieved statistical significance.
Discussion
This study illustrates the utility of genome-wide screens of whole cardiac tissue as a tool for the discovery of new genes altered during cardiac hypertrophy and regression. The success of expression profiling of pharmacological models of hypertrophy is supported by the identification in our study of 25 hypertrophy-associated genes previously identified through analysis of cellular and physiologic models. This suggests that substantial similarity exists between the transcriptional programs activated by pharmacological and physiological models of hypertrophy. Indeed, 4 of 15 new hypertrophy genes identified in a recent genomic screen of pressure overload hypertrophy (43) were also identified in our screen.
Our analysis identified a large set of 40 genes whose expression changes were limited to the induction or regression phase and a smaller group of 15 genes whose expression changes appeared to be biphasic. The 32 genes specifically altered during induction of hypertrophy represent a spectrum of functional classes including secreted factors, receptors, intracellular signaling molecules, proteins involved in intermediary metabolism, structural proteins, and protein synthetic genes. Because the hypertrophic program is well known to cause alterations in many aspects of cell physiology, it is not surprising that genes were identified in each of these broad functional classes.
An important finding of this study was the identification of a distinct set of genes specifically altered during the regression of hypertrophy. This supports the concept that regression involves a separate transcriptional program from that operating during induction of hypertrophy. In contrast to the induction-specific genes, most of the regression-specific genes have no homology to genes of known function, in humans or other organisms. These novel genes would not likely have been identified through biochemical analysis of known pathways of hypertrophy induction, and their characterization may provide new insights into cardiac remodeling.
In addition to the induction-or regression-specific genes, a third set of genes was identified whose expression is differentially regu- Table 1 . P values indicate probability that log 2 ratio is different from 0. *, P Ͻ 0.05; ‡ , P Ͻ 0.001. lated between induction and regression but not obviously classified as induction-or regression-specific. This group includes genes in a variety of functional classes and relatively few genes of unknown function. Because the expression of this group of genes is not confined to induction or regression, they may be altered as a secondary response to hypertrophy rather than as primary regulators of the process. This is suggested by the proportionally larger number of genes involved in energy metabolism included in this set.
Our study identified 30 genes not previously associated with hypertrophy, and over half of these genes are completely novel. This was accomplished with a microarray comprised of less than 3% of the mouse genome. A screen employing all expressed sequences of the mouse would likely identify several hundred candidate genes, a significant fraction of which are predicted to be novel. Although a large list of candidates may be an important substrate for sequence polymorphism-based screens of populations in the search for disease modifiers, such a set is too large for in-depth biological study of each candidate gene. Additional methods for stratifying the list of candidate genes clearly will be needed to identify a subset of genes to target for further biological testing.
Several of the specific experimental hurdles imposed by expression profiling of whole tissues are illustrated in these studies. The fundamental challenge is to separate real changes in gene expression from normal variation, which in turn critically depends on the magnitude of normal variation in expression levels and the magnitude of changes observed during experimental manipulation. Because whole tissues are made up of many cell types, variation in expression level of some genes may be difficult to detect. Nonetheless, in our analysis, we were able to identify several hypertrophy genes expressed primarily by nonmyocytes (e.g., ECE-2, SPARC). In addition, gene expression appears to be more tightly controlled in vivo than it is in vitro. In our models, expression ratios rarely exceeded three-fold (3 SD; Fig. 3 ). This is consistent with observations of the skeletal muscle response to aging and caloric deprivation (44) . Our study maximized the detection of real changes by making multiple comparisons between drug-treated and control animals on a defined genetic background, using two different models of hypertrophy and constraining our candidate list to those genes with the highest statistical likelihood of change. Although many known regulators of hypertrophy were not identified in our screen, this was expected because our experimental design and statistical analyses were specifically conceived to minimize false positive results.
It is striking that the majority of the genes identified during different stages of hypertrophy have not been implicated previously in cardiac hypertrophy. This is particularly true of the regression phase. Because regression of hypertrophy is less well studied and appears to involve a transcriptional program that is separate from induction, study of regression is uniquely suited to analysis by expression profiling. The genes identified in these studies may provide insight into basic pathophysiological mechanisms in cardiac remodeling, as well as suggesting potential leads for therapeutic intervention.
